While gait variability may reflect subtle changes due to aging or cognitive impairment (CI), associated brain characteristics remain unclear. We summarize structural and functional neuroimaging findings associated with gait variability in older adults with and without CI and dementia.
Introduction
While mean performance has been used to study the effects of age on movement and cognition (Beauchet et al., 2016) , subtle aspects of development and aging are thought to be better captured by measures of intra-individual variability (Nesselroade, 1991) . Performance tends to become increasingly consistent through childhood and adolescence, but then becomes more inconsistent with aging (Williams et al., 2005) . In aging, intraindividual variability in speed-related performance, especially during neuropsychological tasks, is a known strong predictor of cognitive decline, brain aging and risk of neurodegenerative disease (MacDonald et al., 2006; Bielak et al., 2010) .
Mean performance during mobility and gait-related tasks is strongly associated with cognitive decline and predicts cognitive impairment and Alzheimer's disease (Beauchet et al., 2016) .
Stepto-step gait variability, measured as fluctuations in the timing (i.e. temporal gait variability) and spacing (i.e. spatial gait variability) of steps, is a major predictor of fall risk and an indicator of impaired executive function and movement control (Hausdorff et al., 2009 ). As gait variability seems to reflect subclinical changes relevant to aging, cognitive decline and impairment, exploring the structural and functional alterations in the brain that are associated with gait variability might provide clinical and mechanistic insights. However, no systematic review has addressed the relationships between neuroimaging aspects of brain structure and function with gait variability, in usual aging, cognitive impairment or dementia.
Our goal is to review original research examining the relationship between neuroimaging indicators of brain health and gait variability in older adults with and without cognitive impairment and dementia, and to summarize prominent relationships for specific brain regions. While reviewing the literature, we identified gaps in knowledge and challenges in study design, neuroimaging approaches and gait variability assessment that should be addressed in future research.
Methods

Literature search
We searched existing literature through November 2016 using PubMed and PsycINFO databases, as well as references from published manuscripts. Studies were considered eligible if they were based on 1) original data on the relationship between neuroimaging measures of brain structure and function and gait variability, 2) included adults aged 50 and older, and 3) were written in English. Search terms included 1) older adults OR older persons OR older individuals OR elderly OR senior OR aged OR 50 years and older; 2) brain structure OR brain activity OR brain function OR brain metabolism OR neuroimaging marker OR cerebral perfusion OR cerebral blood flow OR amyloid OR gray matter OR white matter OR infarct OR leukoaraiosis OR default mode network OR functional connectivity OR magnetic resonance imaging OR diffusion tensor imaging OR near-infrared spectroscopy OR brain stimulation OR magnetoencephalography OR magnetic resonance spectroscopy; 3) gait variability OR spatiotemporal variability OR step length variability OR stride length variability OR step width variability OR stride width variability OR step time variability OR stride time variability OR stance time variability OR swing time variability OR single support time variability OR double support time variability OR step to step variability OR lap time variation. Studies were initially screened by title and abstract. All sources were merged to form a final listing.
Selection of studies
One author (QT) performed the initial search and two authors (QT and SAS) evaluated all articles based on title and abstract. All articles in which the two authors agreed on eligibility were included. There were five articles, all in persons with Parkinson disease, that used brain stimulation as an experimental maneuver to assess effects on gait variability (Hausdorff et al., 2009; Fasano et al., 2010; Thevathasan et al., 2012; Kaski et al., 2013; Vallabhajosula et al., 2015) . After discussion, these studies were felt to deserve a separate evaluation and discussion due to the unique pathology and gait characteristics of the disease. In order to focus on older adults without diagnosed neurological conditions and those with cognitive impairment, we also excluded a study of peripheral neuropathy. Overall, of 571 studies initially identified, 555 were excluded by title and abstract because the study (1) did not focus on older adults, (2) lacked brain imaging data, (3) lacked information on gait variability, (4) was not original, or (5) did not assess the relationship between neuroimaging measures and gait variability. The remaining 17 met eligibility criteria and were included in this review (Fig. 1). 
Analysis
For each study, the following data was abstracted (Tables 1 and 2) ; sample characteristics, type of gait variability assessment, type of neuroimaging assessment, covariate adjustment, analytic approach, and a summary of findings. We did not perform statistical analyses or pool data for meta-analyses because the neuroimaging and gait variability methods were quite heterogeneous.
Results
The 17 studies are presented in two groups; 1) those focusing on older adults without diagnosed neurological disease and 2) studies of persons with cognitive impairment and dementia (Tables 1 and 2) . In four studies, cognitive status was not explic- Age, sex, body mass index, education, ApoE 4 allele, Charlson comorbidity index, depression, and AD-signature neurodegeneration.
Multiple ROI Higher stance time variability was associated with higher amyloid deposition in all ROIs. After stratification by sex, these associations were only present in women. Shimada et al. (2013) N = 24, 100% F 75-82 NS
Step length variability (CoV) assessed on a treadmill using an infrared ray device FDG-PET: brain glucose uptake None.
Multiple ROIs
The primary sensorimotor cortex was activated more during treadmill walking than the resting condition in low than high variability group. The hippocampus and WM of the middle and superior temporal gyrus was deactivated more during treadmill waking than the resting condition in high than low variability group. Rochester et al. (2012) N = 22, 59.1%F 67.43(8.43) 1.31m/s Gait speed variability, stride time variability, stride length variability and step width variability (SD) using the GAITRite system TMS: Cholinergic function of the motor cortex Age, motor disease severity, and cognition
One ROI There was no significant association between short-latency afferent inhibition and gait variability.
Note: NS = not specified; ROI = regions of interest; SD = standard deviation; CoV = coefficient of variance; NS = not specified; MRS = magnetic resonance spectroscopy; MRI = magnetic resonance imaging; DTI = diffusion tensor imaging; SPECT = Single photon emission computed tomography; VBM = Voxel-based morphometry; WM = white matter; GM = gray matter; TMS = transcranial magnetic stimulation, FDG-PET = fluorodeoxyglucose-positron emission tomography; NAA/Cr = N-acetylaspartate/creatine ratio. Multiple ROIs At CDR = 1, there was no significant association between stride length variability and rCBF. At CDR = 2, higher stride length variability was associated with lower rCBF in the cortex and upper and lower frontal lobe. At CDR = 3, higher stride length variability was associated with lower rCBF in the cortex, upper and lower frontal lobe and basal ganglia.
Note: ROI = regions of interest; SD = standard deviation; CoV = coefficient of variance; NS = not specified; MRS = magnetic resonance spectroscopy; MRI = magnetic resonance imaging; DTI = diffusion tensor imaging; SPECT = Single photon emission computed tomography; VBM = Voxel-based morphometry; MCI = mild cognitive impairment; AD = Alzheimer's disease; CDR = clinical dementia rating; NAA/Cr = N-acetylaspartate/creatine ratio; Cho/Cr = Choline/creatine ratio. (Annweiler et al., 2014) , total gray matter volume (Manor et al., 2012) . Integrity of normal appearing WM and total brain volume (de Laat et al., 2011) Volumes of right angular gyrus (Beauchet et al., 2014a,b) , hippocampus (counterintuitive) (Beauchet et al., 2015) , and cerebellum (Manor et al., 2012) . Microstructural integrity of association tracts and the posterior thalamic radiation (Verlinden et al., 2016) .
Volume of primary motor cortex (Annweiler et al., 2013) , neuronal integrity of primary motor cortex (Annweiler et al., 2013) . NS with hippocampal volume (Beauchet et al., 2015) . NS with cell-membrane metabolism of the primary motor cortex (Annweiler et al., 2013 ) Lap time variation (2) Microstructural integrity of anterior cingulate cortex, middle cingulate cortex, precuneus (Tian et al., 2016a,b) , body of the corpus callosum (Tian et al., 2015) Swing time variability (1) NS with hippocampal volume (Beauchet et al., 2015) NS with hippocampal volume (Beauchet et al., 2015) Gait speed variability (1) NS with cholinergic activity of motor cortex (Rochester et al., 2012 ) Stance time variability (2) Total brain infarcts (Rosano et al., 2007a,b) , total WMH (Rosano et al., 2007a,b) Basal ganglia infarcts (Rosano et al., 2007a,b) , amyloid deposition in the prefrontal, orbitofrontal, parietal, temporal, anterior cingulate, posterior cingulate, and motor-specific regions (primary sensorimotor cortex, supplementary motor cortex, Rolandic operculum) (Wennberg et al., 2016 ) Spatial gait variability Stride length variability (6) Total WMH (Srikanth et al., 2009 ). Integrity of normal appearing WM and total brain volume (de Laat et al., 2011) Microstructural integrity of association tracts and the posterior thalamic radiation (Verlinden et al., 2016) . NS with hippocampal volume, NS with neuronal integrity of hippocampus (Zimmerman et al., 2009) , NS with cholinergic function of motor cortex (Rochester et al., 2012) .
Neuronal integrity of hippocampus (Zimmerman et al., 2009) , cerebral blood flow of prefrontal cortex and basal ganglia (Nakamura et al., 1997) . NS with hippocampal volume (Zimmerman et al., 2009) Step length variability (3) Total brain infarcts, total WMH (Rosano et al., 2007a,b) Basal ganglia infarcts (Rosano et al., 2007a,b) . Integrity of hippocampus and anterior cingulate cortex (Rosso et al., 2014) , glucose uptake of primary sensorimotor cortex, hippocampus, WM of the middle and superior temporal gyrus (Shimada et al., 2013) Step width variability (3) Total WMH (Srikanth et al., 2009 ) NS with brain infarcts or total WMH (Rosano et al., 2007a,b) NS with basal ganglia infarcts (Rosano et al., 2007a,b) or with cholinergic function of motor cortex (Rochester et al., 2012) Stride width variability (4) Integrity of WML (de Laat et al., 2011) NS with hippocampal volume (Beauchet et al., 2015) NS with hippocampal volume (Beauchet et al., 2015) Note: WM = white matter; WMH = white matter hyperintensities; WML = white matter lesions; NS = not significant. Bold text reflects regional areas that are associated with gait variability. itly characterized as impaired, so were assigned to the group of older adults without neurological disease (Rosano et al., 2007a,b; Srikanth et al., 2009; de Laat et al., 2011; Verlinden et al., 2016) .
Within each study population type, studies are listed by whether gait variability was characterized by temporal or spatial factors, and then by type of neuroimaging approach. Findings are then summarized according to brain areas associated with temporal and spatial gait variability, respectively ( Laat et al., 2011; Manor et al., 2012; Rochester et al., 2012; Shimada et al., 2013; Annweiler et al., 2014; Beauchet et al., 2014a,b; Rosso et al., 2014; Tian et al., 2015 Tian et al., , 2016a Verlinden et al., 2016; Wennberg et al., 2016) . Two studies reported both older populations without diagnosed neurological disease and with mild memory impairment (Zimmerman et al., 2009) or mild cognitive impairment (MCI) (Beauchet et al., 2015) . Two focused on a diagnosed cognitive condition; MCI (Annweiler et al., 2013) or Alzheimer's disease (AD) (Nakamura et al., 1997) . All 17 studies were cross-sectional observational designs.
Assessment of gait variability
Based on the unit of the measurement, we categorized gait variability into temporal and spatial forms. The most frequently used temporal and spatial measures were stride time variability (seven times) and stride length variability (five times). Other temporal gait variability measures included lap time variation (twice), swing time variability (once), gait speed variability (once), and stance time variability (twice). Spatial gait variability measures included step length variability (three times), step width variability (three times), and stride width variability (twice).
Eleven of the 17 studies expressed variability using the coefficient of variation (standard deviation divided by the mean, multiplied by 100) (Nakamura et al., 1997; Rosano et al., 2007a,b; de Laat et al., 2011; Annweiler et al., 2013 Annweiler et al., , 2014 Shimada et al., 2013; Beauchet et al., 2014a,b; Rosso et al., 2014; Beauchet et al., 2015; Wennberg et al., 2016) , while the remaining six expressed variability using the standard deviation (Srikanth et al., 2009; Zimmerman Rochester et al., 2012; Tian et al., 2015 Tian et al., , 2016a Verlinden et al., 2016) .
Assessment of brain structure and function
These studies used diverse imaging techniques. MRI provides volumetric measures of gray matter, white matter, and white matter hyperintensities. DTI quantifies the microstructural integrity of white matter tracts as well as gray matter regions. Brain MRS assesses metabolism in specific brain areas. PET-FDG is widely used to assess glucose uptake in the brain. PiB-PET is used to measure ␤ amyloid deposition, while SPECT quantifies cerebral blood flow (Holtzer et al., 2014) .
Of 17 studies, 12 examined brain structure using magnetic resonance imaging (MRI) (Rosano et al., 2007a,b; Srikanth et al., 2009; de Laat et al., 2011; Manor et al., 2012; Annweiler et al., 2014; Beauchet et al., 2014a Beauchet et al., ,b, 2015 , diffusion tensor imaging (DTI) (de Laat et al., 2011; Rosso et al., 2014; Tian et al., 2016a,b; Verlinden et al., 2016) , and PiB positron emission tomography (PiB-PET) (Wennberg et al., 2016) . Five examined brain function using magnetic resonance spectroscopy (MRS) (Zimmerman et al., 2009; Annweiler et al., 2013) , positron emission tomography with fluorodeoxyglucose (FDG-PET) (Shimada et al., 2013) , single-photon emission computed tomography (SPECT) (Nakamura et al., 1997) , or transcranial magnetic stimulation (Rochester et al., 2012) .
Of the 17, eight focused on neuroimaging markers of either the brain as a whole (Rosano et al., 2007a,b; Srikanth et al., 2009; de Laat et al., 2011; Annweiler et al., 2014) or one specific brain area (Zimmerman et al., 2009; Rochester et al., 2012; Annweiler et al., 2013; Beauchet et al., 2015) . The remaining nine either examined multiple brain areas of interest (Nakamura et al., 1997; Manor et al., 2012; Shimada et al., 2013; Rosso et al., 2014; Tian et al., 2015; Verlinden et al., 2016; Wennberg et al., 2016) , or conducted voxel based whole brain analyses (Beauchet et al., 2014a,b) , or did both (Tian et al., 2016a,b) .
Gait speed adjustment
Six of 17 studies adjusted for gait speed in the analyses; adjustment did not substantially alter the associations between gait variability and brain structure (Annweiler et al., 2014; Rosso et al., 2014; Beauchet et al., 2015; Tian et al., 2015 Tian et al., , 2016a Tian et al., , 2016b or activity (Zimmerman et al., 2009 ).
The brain map of gait variability
General neuroimaging findings in older adults without diagnosed neurological disease
None of the studies reported here assessed global neuroimaging findings with gait variability in older adults with cognitive impairment or dementia.
In older adults without diagnosed neurological disease, higher temporal gait variability was associated with several overall volumetric neuroimaging markers, including greater prevalence of silent infarcts (Rosano et al., 2007a,b) , greater severity of white matter hyperintensities (Rosano et al., 2007a,b; Srikanth et al., 2009) , larger temporal horns, and larger middle portions of the ventricular bodies (Annweiler et al., 2014) , smaller total brain volume, and lower microstructural integrity in normal appearing white matter and in white matter lesions (de Laat et al., 2011) . One reported that spatial gait variability was associated with smaller gray matter volume in those with type 2 diabetes without diabetic peripheral neuropathy, but not in those without diabetes (Manor et al., 2012) . Higher spatial gait variability was associated with greater brain infarcts, increased white matter hyperintensities (Rosano et al., 2007a,b) , smaller brain volume, and lower microstructural integrity of normal appearing white matter and white matter lesions (de Laat et al., 2011). Higher step width variability was shown to be associated with greater white matter hyperintensities (Srikanth et al., 2009) , while another study did not find this association (Rosano et al., 2007a,b) .
3.2.2. Regional neuroimaging findings 3.2.2.1. Older adults without diagnosed neurological disease. Findings about specific regional brain volumes in relation to temporal gait variability were somewhat diverse. Some found that higher temporal gait variability was associated with smaller right angular gyrus (Beauchet et al., 2014a,b) but with greater hippocampal volume, a somewhat counterintuitive finding (Beauchet et al., 2015) , while others found no significant associations with regional gray matter volumes, including hippocampus, primary sensorimotor cortex and dorsolateral prefrontal cortex (Manor et al., 2012; Beauchet et al., 2015) . In cognitively normal older adults with type 2 diabetes without diabetic peripheral neuropathy, higher temporal gait variability was associated with a smaller cerebellum (Manor et al., 2012) . One recent study found that higher temporal gait variability was associated with greater amyloid deposition in the prefrontal, orbitofrontal, parietal, and temporal lobes, anterior and posterior cingulate cortices, and motor-specific regions (primary sensorimotor cortex, supplementary motor cortex, Rolandic operculum (Wennberg et al., 2016) . Data on regional microstructural integrity of the brain in relation to temporal gait variability were sparse. Higher temporal gait variability was associated with lower gray matter integrity localized to the anterior cingulate cortex, middle cingulate cortex and precuneus (Tian et al., 2016a,b) . Higher temporal gait variability was also associated with lower white matter integrity in the body of the corpus callosum, particularly among the young-old (Tian et al., 2015) , as well as lower integrity in the association tracts, and the posterior thalamic radiation (Verlinden et al., 2016) . There was no significant association between temporal gait variability and cholinergic function of the motor cortex indicated by short-latency afferent inhibition based on TMS in clinically normal older adults (Rochester et al., 2012) . Notably, two studies found non-linear relationships between brain structure and gait variability (Rosano et al., 2007a,b; Srikanth et al., 2009) . Those with very high and very low levels of gait variability tended to have greater brain infarcts and larger sub-volume of the middle portion of the ventricular bodies compared to those with intermediate gait variability.
Some studies reported regional associations with spatial gait variability. Higher step length variability but not step width variability, was associated with greater basal ganglia infarcts (Rosano et al., 2007a,b) . Several studies examined associations of spatial gait variability with structure and function of the hippocampus. Higher spatial gait variability was associated with lower integrity of the hippocampus (Rosso et al., 2014) , but not with hippocampal volume (Beauchet et al., 2015) or neuronal function of the hippocampus (Zimmerman et al., 2009 ). Higher spatial gait variability was also associated with lower microstructural integrity of the anterior cingulate cortex (Rosso et al., 2014) as well as lower integrity in the association tracts, and the posterior thalamic radiation (Verlinden et al., 2016) . There were no significant associations between spatial gait variability and cholinergic function of the motor cortex indicated by short-latency afferent inhibition based on TMS (Rochester et al., 2012) . One study of older adults characterized by high and low spatial gait variability compared the change in brain glucose uptake immediately after treadmill walking to a resting condition. During treadmill walking compared to the resting condition, and compared to those with low spatial gait variability, those with high variability showed a greater deactivation in the hippocampus and in the white matter of the middle and superior temporal gyrus (Shimada et al., 2013) . In addition, during treadmill walking compared to the resting condition, and compared to those with high gait variability, those with low variability showed more activation in the primary sensorimotor cortex (Shimada et al., 2013) .
Older adults with cognitive impairment or dementia.
Among studies of older persons with mild cognitive impairment, higher temporal gait variability was associated with smaller volume of the primary motor cortex (Annweiler et al., 2013) , but not with hippocampal volume (Beauchet et al., 2015) . Higher temporal gait variability while performing a dual task was associated with loss of neuronal integrity of the primary motor cortex, indicated by MRS-based NAA/Cr ratio, but not with cell-membrane metabolism indicated by Cho/Cr ratio (Annweiler et al., 2013) . In those with cognitive impairment, there was no significant association of spa-tial gait variability with hippocampal volume (Zimmerman et al., 2009; Beauchet et al., 2015) .
In older adults with mild memory impairment, higher spatial gait variability was associated with loss of neuronal integrity of the hippocampus, indicated by MRS-based NAA/Cr ratio (Zimmerman et al., 2009) . In a study using SPECT imaging to evaluate cerebral blood flow, older adults with Alzheimer's disease were classified by clinical dementia rating (CDR) scale as level 2 or 3. In those with a CDR of 2, higher spatial gait variability was associated with lower cerebral blood flow in the prefrontal cortex and in those with a CDR of 3, higher spatial gait variability was associated with lower cerebral blood flow in the basal ganglia and prefrontal cortex (Nakamura et al., 1997) .
3.2.2.3. Structured quality assessment. Key quality factors assessed included study objectives, study design, representation of the general older populations, older adults with cognitive impairment or dementia, characteristics of study population, sample size, neuroimaging analyses, gait variability assessments, selection of covariates, agreement/disagreement with the literature, strengths and limitations (van Uem et al., 2016) .
Overall, the quality of these studies is limited due to their crosssectional designs, small to moderate sample sizes, and lack of whole-brain analysis and comprehensive gait assessment (Supplementary Table 1 ).
Discussion
In order to characterize the state of knowledge about the relationship between gait variability and alterations in brain structure and function in older adults without diagnosed neurological disease and in those with cognitive impairment or dementia, we identified 17 studies and characterized them in terms of samples, measures and findings. Here we interpret our findings from the perspective of general and regional neuroimaging findings, appraisal of study quality, followed by methodological issues, gaps and next steps.
In older adults without diagnosed neurological disease, general neuroimaging findings suggest that spatial and temporal gait variability is associated with white matter hyperintensities, brain infarcts, larger temporal horns, smaller middle portion of ventricular bodies, reduced total brain volume and, smaller brain volume, and lower microstructural integrity in normal appearing white matter and in white matter lesions (Rosano et al., 2007a,b; Srikanth et al., 2009; de Laat et al., 2011; Manor et al., 2012; Annweiler et al., 2014) . No general neuroimaging findings were reported in cognitive impairment or dementia. Regionally, higher temporal gait variability was associated with smaller medial brain areas important for lower limb coordination (middle cingulate cortex, precuneus, body of the corpus callosum) and maintaining balance (angular gyrus, cerebellum, parietal and temporal lobes, supplementary motor cortex, and Rolandic operculum). Both temporal and spatial gait variability was associated with structural and functional differences in the hippocampus and primary sensorimotor cortex, and structural differences in the anterior cingulate cortex, basal ganglia, association tracts, and posterior thalamic radiation. Limited evidence in cognitive impairment and dementia suggests that primary motor cortex, prefrontal cortex, basal ganglia, and hippocampus were important for gait variability.
Brain areas that are only associated with temporal gait variability
In usual aging, brain areas associated with temporal gait variability were found in medial areas, including the middle cingulate cortex, posterior cingulate cortex, precuneus, and the body of the corpus callosum (Tian et al., 2016a,b; Wennberg et al., 2016) . These medial areas play a critical role in bilateral lower limb coordination. Notably, these areas except posterior cingulate cortex were identified by DTI, but not by volumetric MRI. One MRI study using voxel-wise analyses did not find a similar pattern (Beauchet et al., 2014a,b) . Prior studies suggest that neuroimaging markers using DTI are considered more sensitive to early brain structural abnormalities compared to conventional volumetric measures (Moseley, 2002) .
Temporal gait variability was also found to be associated with brain areas important for maintaining balance, including angular gyrus, cerebellum, parietal and temporal lobes, supplementary motor cortex, and Rolandic operculum (Manor et al., 2012; Beauchet et al., 2014a,b; Wennberg et al., 2016) . The angular gyrus is located in the posterior parietal lobe, which is involved in the processing of visual, vestibular, and proprioceptive information to maintain balance. It is worth noting that the right hemisphere has consistently shown a relationship with stride time variability; it was associated with the volumes of the right angular gyrus in older adults without diagnosed neurological disease (Beauchet et al., 2014a,b) and of the right basal ganglia in those with diabetic peripheral neuropathy (not included in this review due to the diagnosed neurological condition) (Manor et al., 2012) . Prior studies suggest that the right hemisphere is critical for motor control, specifically in monitoring sensorimotor information between the cortex and basal ganglia (Serrien et al., 2006) . Several prior reports show that slower gait and poorer balance are associated with smaller cerebellum volume in older adults, suggesting the aging cerebellum plays a critical role in motor control and balance (Rosano et al., 2007a,b; Rosano et al., 2008; Nadkarni et al., 2014) . To date, only one study assessed the relationship between gait variability and cerebellar volume (Manor et al., 2012) . Findings suggest that the relationship between cerebellar volume and gait variability is affected by the presence of type 2 diabetes.
In mild cognitive impairment, gait variability during a single task is associated with the volume of the primary motor cortex, while gait variability during a dual task is associated with poorer neuronal integrity of the primary motor cortex measured by MRSbased NAA/Cr ratio (Annweiler et al., 2013) . Perhaps the dual task condition captures subtle variations in neuronal integrity in MCI, a transitional stage between usual aging and dementia.
Brain areas that are only associated with spatial gait variability
Areas related only to spatial gait variability were found in the white matter of the middle and superior temporal gyrus among older adults without diagnosed neurological disease (Shimada et al., 2013) , and in the prefrontal cortex in AD (Nakamura et al., 1997) . White matter of the middle and superior temporal gyrus connects the temporal and occipital lobes which contain visual areas and hippocampus. The functional role of this white matter area in gait is less clear and requires further investigation. The prefrontal cortex is important for executive function and attention. In older adults, poorer executive function and attention were associated with higher spatial gait variability (Holtzer et al., 2012) .
Brain areas in relation to both temporal and spatial gait variability
Several brain areas are associated with both temporal and spatial gait variability, including the primary sensorimotor cortex, hippocampus, anterior cingulate cortex, basal ganglia, association tracts, and posterior thalamic radiation (Rosano et al., 2007a,b; Zimmerman et al., 2009; Rosso et al., 2014; Beauchet et al., 2015; Tian et al., 2016a,b) .
The primary sensorimotor cortex contains the primary motor cortex and somatosensory cortex. The primary motor cortex is essential for planning and executing movements, while the somatosensory cortex receives and processes all sensory information, such as visual and auditory stimuli. This brain area plays a key role in movement planning and spatial navigation. The hippocampus is involved in the integration of sensory and motor information. There is also a functional relationship between the hippocampus and the prefrontal cortex through the entorhinal cortex and the nigrostriatal system. The only significant association between temporal gait variability and hippocampal volume in older adults without diagnosed neurological disease is counterintuitive in that larger hippocampal volume was associated with higher variability (Beauchet et al., 2015) . One possible explanation is that greater hippocampal volume compensates for higher gait variability in usual aging. Others did not find significant associations between temporal gait variability and hippocampal volume in usual aging (Beauchet et al., 2015) , cognitive impairment or dementia (Zimmerman et al., 2009; Beauchet et al., 2015) . Spatial gait variability was found to be associated with microstructural integrity and glucose uptake, but not volume or neuronal integrity, of the hippocampus in usual aging (Zimmerman et al., 2009; Shimada et al., 2013; Rosso et al., 2014; Beauchet et al., 2015) . Perhaps disrupted microstructural integrity and reduced glucose uptake are early causes of high gait variability.
The anterior cingulate cortex has widespread anatomical projections to the prefrontal cortex, parietal lobe, premotor area, amygdala, and hypothalamus. It subserves a variety of movement-relevant functions, including executive function, attention, decision making, and performance monitoring. The basal ganglia have strong anatomical and functional connections with the cortex, thalamus, and brain stem and play a predominant role in initiating and controlling movement.
Association tracts and the posterior thalamic radiation play an important role in communication among several cortical areas important for gait control, such as frontal, posterior parietal, and occipital cortices (Aralasmak et al., 2006) .
Study quality
All studies are limited due to their cross-sectional designs and small to moderate sample sizes except Verlinden et al. (2016) . Although the Verlinden et al.'s study had a large sample size (2330 dementia-free older adults), there was a gap of up to three years between gait and neuroimaging data collection. Findings are fragmented due to a lack of whole-brain analyses and gait assessment. Only two studies applied whole-brain analyses (Beauchet et al., 2014a,b; Tian et al., 2016a,b) . Of 17, six studies examined both temporal and spatial gait variability (Rosano et al., 2007a,b; Srikanth et al., 2009; Rochester et al., 2012; Beauchet et al., 2015; Verlinden et al., 2016) .
Without specific detail about cognitive status, four study samples could not be defined as having cognitive impairment so were classified as older adults without diagnosed neurological disease (Rosano et al., 2007a,b; Srikanth et al., 2009; de Laat et al., 2011; Verlinden et al., 2016) . Gait variability is a global term that reflects diverse measures that are often related. One way to summarize gait variability is by time and space. The studies in this review often selected specific measures of temporal and spatial gait variability; some provided an explicit rationale (Zimmerman et al., 2009) or clinical justification (Rosano et al., 2007a,b; Annweiler et al., 2014) . In general, there is a limited theoretical framework to guide selection of gait variability measures (Lord et al., 2011) . While temporal and spatial gait variability might be assessed separately in order to detect underlying mechanisms, some recent studies have used dimension-reduction techniques to generate a global measure (Balasubramanian et al., 2015; Gouelle et al., 2015) , or to reduce the number of measures (Verghese et al., 2007; Lord et al., 2013) . The global measure has been reported to have high inter-session reliability and is thought to be more sensitive than individual measures (Gouelle et al., 2013) .
Classifying gait variability also has analytical challenges. First, gait variability is assessed either from stride-to-stride or from stepto-step. Prior research shows that step-to-step variability has high reliability (Galna et al., 2013) and suggests that step-to-step variability may reveal early functional decline in neurodegenerative diseases (Lord et al., 2011 (Lord et al., , 2013 . Perhaps step-to-step gait variability is more sensitive to early abnormal gait variability because stride-to-stride variability cannot capture the side-to side asymmetry that is commonly seen in usual aging. Future studies should also determine how many steps are needed to assess gait variability with high reliability and validity. Second, either the standard deviation or coefficient of variation is used to reflect variability, but there is no consensus. The standard deviation is sensitive to the scale while the coefficient of variance tends to infinity when the mean is close to zero (Gouelle et al., 2013) . Thus, gait variability with low mean values tends to have high coefficient variance (Gabell and Nayak, 1984) . Both standard deviation and coefficient of variation should be reported until a consensus is reached (Lord et al., 2011 (Lord et al., , 2013 . More cutting edge measures of gait variability are being developed including coefficients reflecting loss of complexity (Ihlen et al., 2016) or smoothness (Brach et al., 2011) . Third, gait speed may confound the relationship between neuroimaging findings and gait variability because gait speed is related to both brain health and gait variability. One prior study suggests that stance time variability may depend on gait speed while swing time variability is insensitive to gait speed (Frenkel-Toledo et al., 2005) . Future studies, particularly using stance time variability, should evaluate gait speed as a potential confounder.
Traditionally, gait variability is assessed with video motion analysis and/or force plates, systems that are time consuming, cost ineffective, and not applicable in clinical settings. Simpler techniques using accelerometers and foot switches are now available (Lord et al., 2011 ). An especially simple approach is to assess variability across repeated laps of a long walk, such as lap time variation, which is clinically accessible (Tian et al., 2015 (Tian et al., , 2016a (Tian et al., , 2016b . The relationship between traditional step-to-step variability and lap time variation needs further investigation.
What is the best way to detect subtle abnormal gait variability?
Prior studies suggest that more challenging mobility performance tasks, such as fast-paced or dual task walking, may better capture early brain abnormalities. For example, gait variability at a fast but not usual pace, is associated with mild cognitive impairment (Beauchet et al., 2013) . In one study, walking speed at fast not usual pace, predicted future cognitive function (Deshpande et al., 2009) . Fast walking may capture further subtle differences in fitness and function (Fitzpatrick et al., 2007; Deshpande et al., 2009; Beauchet et al., 2013) . Dual-tasks are also forms of challenge. The dual-task cost (difference in performance between single and dual conditions) may be an early indicator of a functional deficit of high-level cortical motor control (Beurskens and Bock, 2012) . In the future, dual tasks might help unmask the earliest brain changes associated with high gait variability. 4.5.3. What are early, sensitive neuroimaging markers to indicate abnormal gait variability?
Our understanding of the spatial distribution of brain alterations underlying high gait variability depends on neuroimaging modalities and their interpretations. The structural data are primarily obtained by MRI and DTI, while functional data can be obtained by various neuroimaging techniques, such as fMRI, MRS, MEG, and PET. Only a few studies applied multimodality techniques to assess the relationship of brain structure and activity simultaneously with gait variability (Zimmerman et al., 2009; Annweiler et al., 2013) . Studies in this review suggest that microstructural integrity of selected brain areas, rather than the volume, is associated with gait variability (Zimmerman et al., 2009; Rosso et al., 2014; Beauchet et al., 2015) . Neuronal integrity indicated by MRS-based NAA/Cr ratio, as opposed to macroscopic structure, is associated with gait variability (Zimmerman et al., 2009) . To detect early brain changes, future studies should focus on microstructure, neuronal integrity, and glucose uptake in the brain.
Two studies reported non-linear trends of brain structure and temporal gait variability (Rosano et al., 2007a,b; Annweiler et al., 2014) . One author suggested that very high and very low levels of gait variability might indicate abnormal cortical control due to brain abnormalities while intermediate gait variability is considered "normal" (Rosano et al., 2007a,b) . Another study suggested that those with intermediate gait variability who had better brain structure are compensating for increased gait variability compared to those with low gait variability (Annweiler et al., 2014) . Future longitudinal studies with neuroimaging assessments of both brain structure and function, testing for nonlinear gait variability are needed to understand potential compensatory mechanisms.
Brain changes are important because they may affect the approach to treatment of gait abnormalities. In one clinical trial, older individuals with white matter disease benefitted more from a motor learning than a traditional exercise intervention (Brach et al., 2013) . Knowledge gained from neuroimaging assessment may help formulate a tailored, individualized intervention strategy.
Is there a brain network underlying high gait variability?
The bulk of neuroimaging evidence is limited to either a global assessment or a specific brain region. Could there be one or more brain networks where changes affect gait variability? In order to determine which brain areas and networks are associated with gait variability, a broader evaluation of multiple brain regions is needed. Even if there is a predefined region-specific hypothesis, it is still useful to examine other brain areas. Since there is a real risk of false positive findings due to multiple testing, a sensitivity analysis, such as voxel-based morphometry (VBM), might provide complementary evidence. To date, only our group has applied both regions-of-interest (ROI) and VBM approaches to explicitly confirm findings related to the pattern of relationships (Tian et al., 2016a,b) . Regarding brain function, only one study applied a voxel-based approach (Shimada et al., 2013) . Future studies should consider examining multiple brain areas or applying a voxel-based approach to identify whether there are brain networks underlying high gait variability. Research on functional connectivity of the brain using resting state functional MRI (rs-fMRI) is advancing rapidly (van den Heuvel and Hulshoff Pol, 2010) . Whether functional connectivity of specific brain areas or networks is associated with high gait variability has not been explored. This neuroimaging tool may add value in understanding brain networks underlying abnormal gait variability. Some imaging approaches have constraints as well as advantages. For example, magnetic resonance spectroscopy (MRS) is limited in the ability to assess multiple brain regions because data acquisition takes a long time.
How does brain function during walking relate to gait variability?
The ability to assess brain function during walking rather than separately is evolving. Initial neuroimaging evidence shows greater activation in selected cortical areas during imagined walking in older adults compared to young adults (Hamacher et al., 2015) . Imagined walking may induce brain activations similar to real world walking but we do not yet know how brain function during walking relates to gait variability. Some investigators now use near infrared spectroscopy (NIRS), which allows simultaneous assessment of brain activity and gait, but this technique is often limited to surface brain areas and sometimes only the prefrontal areas (Hoshi, 2003) .
4.5.6. Can future clinical trials help elucidate the role of the brain in gait variability?
Interventions that affect brain function might be used as probes into the causes and treatment of gait variability. One brain area, particularly in Parkinson's disease, that plays a key role in gait and falls, is the brainstem pedunculopontine nucleus (PPN). Cholinergic deficits in PPN and the thalamus are associated with gait problems and falls (Bohnen et al., 2009; Ferraye et al., 2010; Kucinski and Sarter, 2015) . Promoting cholinergic function might be a strategy to treat gait problems. A recent clinical trial suggests that anti-dementia treatment (i.e. acetylcholinesterase inhibitors or memantine, an NMDA (N-methyl-d-aspartate) receptor blocker) improves gait variability in older adults with possible or probable AD (Beauchet et al., 2014a,b) . Another clinical trial suggests that an acetylcholinesterase inhibitor improves step time variability in patients with Parkinson's disease (Henderson et al., 2016) . Given the high priority placed on developing interventions to prevent or delay cognitive impairment and dementia, future clinical trials in this area should incorporate measures of gait and gait variability.
